We have performed cosmological hydrodynamic simulations to study the effect of fragmentation on the SMBH seed mass in the direct collapse formation scenario. We considered different background UV intensities, host halo spin, and halo merger histories. Our simulations in low-spin halos, in the presence of a strong UV background are consistent with the Direct Collapse Black Hole model, in which a single massive object ∼ 10 5 M is formed in the center of a proto-galaxy. While in our simulations under the presence of a low UV background, we find fragmentation and the formation of various minor seeds. These fragments have masses of 10 3 -10 4 M . These values are significant if we consider the potential mergers between them, and the fact that these minor objects are formed earlier in cosmic time compared to the massive single seeds. In one of our simulations, we observed gas fragmentation even in the presence of a strong UV intensity. Said structure arose in a dark matter halo that formed after various merger episodes, and the one with the highest spin value. The final mass obtained was ∼ 10 5 M in this run. From these results, we conclude that fragmentation in fact produces less massive objects, however, they are still prone to merge. In simulations that formed many fragments, they all approach the most massive one with time. We see no uniqueness in the strength of the UV intensity value required to achieve a DCBH, since it depends in other factors like the system dynamics in our cases.
INTRODUCTION
Quasars are one of the most intriguing astrophysical objects. They are primordial galaxies powered by supermassive black holes (SMBHs) in their centers. Observations of z > 6 quasars (Fan et al. 2006; Mortlock et al. 2011; Wu et al. 2015; Bañados et al. 2018; Schleicher 2018) show that these objects already hosted SMBHs with masses up to 10 9 M when the universe was ∼0.7 Gyrs old. The formation of such massive objects is still an open question. Various scenarios have been proposed to explain the early assembling of these structures, including primordial stellar remnants, stellar dynamical processes and the direct collapse of protogalactic gas due to dynamic instabilities. For further reading, see Volonteri (2010) ; Volonteri & Bellovary (2012) ; Latif & Ferrara (2016) .
The standard model of structure formation states that there is a population of stars made of primordial metalfree gas, these are the Population III of stars (Abel et al. (2000 (Abel et al. ( , 2002 ; Bromm et al. (1999 Bromm et al. ( , 2002 ; Yoshida et al. (2006) ). Recent observations of the 21-cm absorption line due to its interaction with Lyman-α photons reveal that the first stars were formed at z ∼15 -20 (Bowman et al. 2018) . Pop III stars are expected to be formed in minihalos of 10 5 -10 6 M . In these halos, molecular hydrogen acts as an efficient coolant, in which star formation takes place. Because these stars are formed out of metal-free gas, they are expected to be more massive than observed local stars. Three dimensional cosmological simulations show that Pop III stars can reach masses of a few hundred M (Hirano et al. 2014; Susa et al. 2014) . Depending on the stellar mass, their fate may be different, but most of them end up as stellar black hole remnants (Heger et al. 2003) . It is known that radiative feedback effects halt the growth of these structures (Johnson & Bromm 2007; Alvarez et al. 2009 ). Stellar black holes would require several super Eddington accretion episodes in order to reach a billion solar masses by redshift ∼ 6 − 7 Pacucci et al. 2015b) .
The formation of a very massive star (VMS) in dense stellar clusters is also a candidate for a supermassive black hole seed. If the center of a cluster undergoes core collapse, a single massive compact object may form. In this scenario, a fast collapse is a key to its feasibility, in order to avoid supernovae feedback from massive stars (Devecchi & Volonteri 2009; Lupi et al. 2014; Sakurai et al. 2017; Stone et al. 2017; Boekholt et al. 2018; Reinoso et al. 2018) .
The formation of a massive seed has also been considered in the direct collapse black hole (DCBH) model. It consists of the immediate collapse of a gas cloud into a massive seed of 10 4 -10 6 M . In this model, the seed would ultimately collapse into a black hole more massive than the ones produced by other models. The seeds would accrete at rates ≥ 0.1 M /yr (Begelman 2010; Schleicher et al. 2013; Sakurai et al. 2015) . However, this scenario demands strict conditions. A very massive halo is indeed necessary to have the gas reservoir to form a massive seed and also to ensure high gas temperature (∼8000 K). Such high temperatures are required to allow the atomic cooling to operate. In comparison to molecular and metal cooling, atomic cooling is characterized to act more smoothly in the temperature ranges involving DCBH conditions, permitting an isothermal collapse that does not produce fragments (Latif et al. 2013b (Latif et al. , 2014b . H 2 inhibition is fundamental in the direct collapse model. This molecule can cool the system down to hundreds of Kelvins producing fragments and the formation of minor objects, preventing a single massive body to be assembled. The main mechanism to form molecular hydrogen is shown in Equation 1 which requires the previous formation of H − that is shown in Equation 2.
One way to prevent the existence of molecular hydrogen is through the direct exposition to photons with energies between 11.2 and 13.6 eV, in the Lyman-Werner (LW) band. The chemical reaction is illustrated in Equation 3 , where H * 2 represents an excited state for molecular hydrogen. Another way to avoid molecular hydrogen formation is preventing the formation of H − , recognized to catalyze H 2 formation. That can be obtained through the interaction of low energy photons (above 0.76 eV) that photo-detach the H − , which impedes the major H 2 formation channel in the early Universe (Equation 4 ).
The conditions to prevent H 2 formation can be fulfilled if there is a star-forming galaxy irradiating the aforementioned photons next to a pristine halo. A galaxy with a spectrum of T eff = 10 5 K is more efficient at dissociating H 2 directly (Equation 3) while a spectrum of T eff = 10 4 K is more efficient indirectly by destroying H − (Equation 4). In principle, molecular hydrogen inhibition requires a critical value of the UV flux (J crit 21 ) that depends on the spectrum. UV intensities are typically specified in units of J 21 = 10 −21 erg s −1 Hz −1 cm −2 str −1 . Latif et al. (2014a) quantified the strength of J crit 21 by performing 3D cosmological simulations, finding this value to range 400 -700. Recent estimates for 3D cosmological simulations including realistic Pop II radiation fields and X-rays find that J crit 21 varies between 20000 -50000 . In addition, Glover (2015) argued that the chemical network used in the simulations impacts directly on the value of J crit 21 , so he constructed a reduced network of 26 chemical reactions using a reaction-based reduction technique by performing one-zone models. Under such results, there is no a clear agreement on J crit 21 , since this value depends on local conditions, such as density, temperature, chemical composition, and its dynamics. In extreme cases, i.e. when cosmological halos that collapse very rapidly, a UV background may not even be necessary, as the compressional heating of the gas provides an alternative channel for the destruction of H 2 by collisional dissociation (Wise et al. 2019 ). Here we rather address the possibility that H 2 cooling may occur, and that massive objects could nevertheless form.
Though the DCBH model can explain the formation of massive seeds, there are still some obstacles which the gas needs to overcome. One obstacle arises when gas is photo-evaporated, in which case a dense core is prevented to be formed. Ionization also impedes the formation of a central structure, since it leads to an increase in the electron fraction, which is one of H 2 catalysts (Johnson et al. 2014) . Another obstacle corresponds to the tidal interaction that the neighborhood may be exerting on the pristine halo, that could disrupt it, avoiding the formation of a massive central object (Chon et al. 2016) .
The goal of this paper is to analyze the effect of fragmentation on the formation and growth of SMBH seeds, considering the formation of minor objects and their merger events, in more flexible conditions that are more likely to happen.
METHODS
We performed a set of 9 simulations in box sizes of 1 cMpc/h using the adaptive mesh refinement hydrodynamical cosmological code RAMSES (Teyssier 2002) . Initial conditions were created using the MUSIC code (Hahn & Abel 2011 ) that generates random Gaussian initial perturbations and allows the usage of the 'zoomin' technique, in which a small region encloses the formation history of the object of interest, so it is studied with a much higher resolution. By doing this, we obtained a maximum resolution of 0.01 pc in proper units. The cosmology used is the one given by the Planck Collaboration et al. (2016) that sets Ω b = 0.3089, Ω Λ = 0.6911, σ 8 = 0.8159, n s = 0.9967, H 0 = 67.74 km/s/Mpc. The Jeans length is resolved according to the Truelove criterion (Truelove et al. 1997 ) in order to avoid numerical fragmentation. We are using 32 cells per Jeans length as the minimum reasonable value suggested by Latif et al. (2013a) to resolve turbulences.
Chemical Model
The thermal and chemical evolution of the gas was solved employing the publicly available package KROME (Grassi et al. 2014 We assumed a uniform isotropic UV background of various intensities that would come from a star-forming neighborhood. The spectra of those regions are a black-body with T eff = 2 × 10 4 K, which is in the range that mimics realistic spectra (Sugimura et al. 2014; . All chemical reactions with their reaction rates are listed in Appendix C, it includes the photo-detachment of H − , photo-dissociation of H 2 and H + 2 , collisional dissociation, collisional induced emission, chemical cooling/heating from three body reactions, cooling by collisional excitation, collisional ionization, radiative recombination, and bremsstrahlung radiation. We also added the H 2 self-shielding fitting function by Wolcott-Green et al. (2011) .
Sink Particles
The gravitational collapse of dense regions is a recurring phenomenon in astrophysical simulations, therefore, a huge dynamical range is required. However, computational resources are not always sufficient to resolve the small scales. As a consequence, some numerical artifacts have arisen, one of them being the sink particles.
Sink particles are particles that approximate the scales that are not resolved by the collapse of a region into a single point. This point is disconnected from the hydrodynamics, it interacts with the remaining gas through gravity and accretion only, and with other sink particles that are formed. Several authors have formulated different schemes to create them and to make them represent more realistic physical phenomena. Bleuler & Teyssier (2014) presented the algorithm implemented in the RAMSES code to create sink particles, which is based on a clump finder. Unlike other techniques to form sink particles, this one requires a region to have cells denser than a given threshold and also a certain 'prominence', which is the ratio between the peak density and the maximum saddle density to this peak. By fulfilling the aforementioned requirements and other three physical checks, a sink particle forms.
We used the checks presented in Latif & Volonteri (2015) to decide if a clump will become a sink particle. One of the conditions is the selection of regions whose peaks are at the highest refinement level, and the other condition requires having an excess in mass relative to the Jeans mass for the candidate region to become a sink. A third check consists of the inability to create a sink particle if its formation would occur inside the accretion radius of a sink particle previously formed. Once all checks are fulfilled in a 'prominent' region, the sink particle is formed and its initial mass is calculated such that the cell from which the particle is formed remains Jeans stable after the subtraction of the sink mass. Sink particles emulate accreting SMBH seeds in this context.
Sink particles are allowed to merge. In our simulations, two sink particles will merge if they are close. The critical distance for merging is a free parameter, but it has been set to be the accretion radius, which is 4 times the smallest cell in the simulation at the time when this condition is evaluated.
RESULTS
We performed 3D simulations to study the effect of gas fragmentation in the formation of primordial SMBHs in three different halos. We started from only Dark Matter (DM) low resolution simulations initialized at z = 99 in 1 cMpc/h box sizes, in order to re-simulate some of them. We made our selection based on three criteria: i) halo mass, ii) halo spin parameter, and iii) merger history. Halo masses were required to be higher than ∼ 5 × 10 7 M to guarantee the virial temperature to be in the atomic cooling regime (> 8000 K, e.g. Barkana & Loeb, 2001) , in which gas is mainly cooled down due to electronic transitions in the hydrogen atom. Usually, J 21 is used as a unique parameter to determine the feasibility of a DCBH scenario. However, it is too simplistic, since the dynamics affects the chemistry and the conditions to allow a scenario. This is why we also made our choice based on selecting diverse halo spin parameters and by checking the merger status using merger trees. Massive isolated halos are rare to find in 1 cMpc/h box sizes, so we ran 50 simulations and picked three of them according to their properties at z ∼ 9. We identified dark matter halos using the HOP clump finder (Eisenstein & Hut 1998) . The chosen halos are denominated A, B and C and their properties such as the Bullock spin parameter (Bullock et al. 2001) , virial mass, and the number of dark matter particles are shown in Table 1 . In Figure 1 we show the merger trees for all selected halos. The number of halo mergers is one for A, while it is two for B.
The mass ratio for the only merger in A is 0.067 with the lowest spin parameter value, while for B mass ratios are 0.60 and 0.04 (top and bottom respectively according to the figure) . Halo C turns to be the one formed out of a high number of mergers. This phenomenon seems to be necessary to ensure a high spin parameter (Peirani et al. 2004) . Bullock et al. (2001) showed that the spin parameter follows a log-normal distribution as it is shown in Equation 5, with µ = 0.035 and σ = 0.5. In Figure 2 we show the spin distribution for all halos found in our DM-only low resolution simulations, where the orange line represents the best log-normal fitting function and the red lines represent the spin parameters for halos A, B, and C from left to right respectively. We obtained values of A = 60.34, µ = 0.039 and σ = 0.582 from the fitting, implying a mean and a standard deviation of 0.046 and 0.029 respectively. Spin parameters chosen lie at 1.02, 0.82 and 0.27 standard deviations from the mean value in the function. All chosen values are below the mean, they may represent the most relevant cases for the direct collapse black scenario.
Once the halos were selected, they were re-simulated including gas physics, also making use of the KROME package and the zoom-in technique. We also added our modified algorithm to form sink particles (see Section 2.2). The zoom-in was made enclosing a spherical region of a size equal to the virial radius of the respective halo. Such a choice does not affect our final results since all structures are formed at scales orders of magnitude below the virial radius. In all cases, virial ra- In Table 2 we summarize some of the sink features for our results; the redshift at the moment at which the first sink particle formed and its corresponding cosmic age, the total number of sink particles formed during the run, the number of sink particle mergers, the initial first sink particle mass, the final first sink particle mass, and the average accretion rate for the first sink particle considering the first 300 kyr since its creation in the corresponding run, and also the rest of the run. The simulations A, B, and C in the presence of a J 21 = 10000 were run for 324, 522, and 389 kyr respectively after the formation of the first sink particle. The simulations A, B, and C in the presence of a J 21 = 10 were run for 3054, 3500, and 3092 kyr respectively after the formation of the first sink particle.
From Table 2 , we observe that sink particles are formed earlier in cosmic time when we decrease the UV intensity. This can be understood from the fact that M jeans ∝ T 3/2 . At low UV intensities, the gas is cooled down, so the thermal jeans mass decreases and regions collapse sooner compared to high UV intensities, in which the gas remains hot and allows the assembly of baryons for a longer period of time. This delay in gas assembly for high UV intensities might have an important consequence for seed formation.
J 21 = 10000
Results will vary depending on every halo and UV intensity. Halos with a high UV intensity, are expected to behave in similar ways, as H 2 is expected to be inhibited, a DCBH is predicted to form (Shang et al. 2010; Latif et al. 2014b ).
Dynamics
We performed simulations for each halo using a uniform UV background of J 21 = 10000. We followed the evolution during roughly 350 kyrs after the first sink particle formed, which corresponds to a couple of growth times t growth = M sink /Ṁ sink for these runs. This characteristic time t growth varies for all runs and sink particles, Table 2 . Sink features for the simulations: redshift and cosmic age for the first sink formed, number of sink particles formed during the run, number of mergers during the run, initial mass for the first sink particle created, average accretion rate for the first sink particle formed in the run considering the first 300 kyr, and accretion run considering the whole run. Figure 3 represents projections of all halos at a scale of 3 kpc (top) and a scale of 100 pc (bottom) at the end of each respective run. The projections for halos A and B are centered on the only sink particle formed, while for C it is in the center of mass of all sink particles. We observe the formation of a dense central spherical structure at both large and small scales. At large scales, we observe some filaments feeding with gas every halo. This picture does not change with time. At the center of these structures sink particles are created (not shown in the plots) and no significant dynamical evolution nor fragmentation is observed during the run.
In Figure 4 we portray density projections where we show the evolution at various cosmic times at a 5 pc scale. In all simulations a gas disk was formed, so the projection has been preferred to be in the axis perpendicular to the disk plane. The times shown in the plots (∆t) are the times relative to the first sink particle formed in the respective simulations (see Table 2 ). The ∆t values selected were based on the growth time and also to span the dynamical evolution for the available outputs. Each black dot represents a sink particle. Now we are able to observe the structure evolution with more detail. Halos A and B form a structure which initially starts with a spherical shape but soon becomes a disk with spiral arms from which matter is accreted, in both cases just one sink particle forms. In halo C the evolution of structures is different than in the other halos: it begins as a spherical dense core, similar to A and B, where the first sink particle forms. A disk structure with two spiral arms is formed by t growth , after that, just one spiral arm survives, in which new sink particles are created consecutively. Finally, these particles fall down to the center, where they begin to interact gravitationally. Just one sink particle merges to the central one during the run.
Radial Profiles
In addition to the density projections, in Figure 5 we show radial profiles for these simulations. We include density, temperature, H 2 fraction and mass infall rate. The profiles are also plotted for the same ∆t we have used in Figure 4 . All the plots are centered on the first sink particle formed, and they span from resolution scales (0.01 pc) up to 1 kpc, i.e. 5 orders of magnitude in spatial scales. In these re-simulations, the virial radii range from 0.9 -1.5 kpc at the end of the runs, so the whole halos are being sampled.
All density profiles exhibit a nearly isothermal profile ρ ∝ r −2 (gray dashed line in the top row) with some deviations. For halos A and B there are some peaks in the profiles that represent spiral arms and the extent of dense regions, as can be seen in the density projections of Figure 4 . For halo C, several peaks appear at different times. Peaks at ∆t = 130 kyrs are related to the spiral arms that can be seen in the disk-like structure formed. For ∆t = 260 kyrs the peaks represent other sink particles and their accretion regions, while for ∆t = 390 kyrs they represent an overdense clump with no sink particle in it and the regions surrounding the three central sink particles.
The temperature remains roughly constant for halo A and B, but for halo C we clearly see how it drops down to ∼1000 K at some radii. For halos A and B the temperature decreases at high densities slowly due to the Lyman-α cooling. This slope has been observed in other works e.g. Latif et al. (2013a) . For halo C at ∆t = 0 and 130 kyrs, the temperature profiles are nearly constant, but at ∆t = 260 kyrs the profile has drastically changed due to all H 2 concentration.
The H 2 fraction profile for A and B shows some localized H 2 enhancement with time, but in both halos this effect does not lead to a major change in the temperature profiles. This is because the fraction does not exceed a value of 10 −3 . At roughly such value, cooling becomes efficient lowering the central temperatures. . Density projection for all re-simulated halos irradiated by a UV background of J21 = 10000 at a scale of 5 pc. Halos A, B and C are shown from left to right respectively. Several epochs are shown, ∆t represents the age of the simulation relative to the age of the first sink particle formed in the respective run. halo C there is a huge increase in the H 2 fraction, especially at later stages. In Figure 6 we show projections at two different times for the temperature and the H 2 fraction. In the left panels we plot temperature, while in the right ones we plot the H 2 fraction. We observe that molecular hydrogen is gathered in the spiral arm seen in the density projection. The increase in H 2 also cools down the system in the regions where this molecule is more abundant. In addition to density, temperature, and H 2 fraction, we also added mass infall rates to the radial profiles. The mass infall rates were calculated using Equation 6, centered on the first formed sink particle position. Equation 6 counts all cells at a given radius and calculates the amount of matter crossing a determined area at a given velocity. In Equation 6, ρ cell,i represents cell density, v infall,i corresponds to cell speed along the radial axis towards the center chosen, and ∆Ω cell,i is the solid angle subtended from the center to the portion of the cell that is contributing to the calculations. Notice that v infall,i has been chosen to be positive if the cell is falling down to the center, and negative if it is moving away from it.Ṁ
In all of the runs we can observe regions in which the gas is falling down to the center, and regions where the gas is moving away. At most radii, infall mass rate calculations turn out to be positive, implying that most of the gas is being accreted compared to gas being pushed away. But there are some regions where most gas is being pushed away, which creates gaps in the mass infall rate profiles.
At some radii we can observe similar behaviors regardless of the halo, this is due to the fact thatṀ (r) scales with r 2 , ρ, and v infall . At high radii, the area considered increases highly, but density and infall velocities are small compared to their values close to the center. On the other hand, the areas taken into account close to the center are small compared to the ones at high radii, but infall velocities are larger. At ∆t = 0 kyr for all runs, the density has the highest values in the center, which makes infall mass rates also have their highest values at those radii and that time. When considering later times, the density values close to the center decrease, which affects the value of the mass infall rate.
It is interesting to address the fact that mass infall rates are very high in halos A and B, having infall rates > 0.1 M at different times with a few outflows in halo A. Halo C starts with accretion rates comparable to A and B, but at later times the formation of new sink particles and the interaction between them alters the infall mass rate, reducing the value and generating more outflows, this behavior is observed in the central 5 pc as can be seen in Figure 4 .
Sink particles
As mentioned previously, all points in Figure 4 represent sink particles, which were allowed to accrete and interact with other elements in the simulation. Figure 7 shows the time evolution for all sink particles in the J 21 = 10000 runs. We show time evolution of the mass and accretion rate: dashed gray lines represent the times that have been used to picture the projection plots ( Figure 4) and to calculate the radial profiles (Figure 5) . Each color represents a single sink particle, the time in the x-axis is the time relative to the first sink particle formed in the respective run. As mentioned in section 2.2, sink particles were allowed to merge. These events are represented with arrows in the mass profiles, they are bi-colored and start from the end of the mass profile of the least massive sink in the pair that is merging, and head to the new profile for the resulting sink particle. The color of the tail of the arrow is the same as the one used for the least massive particle in the pair, while the head has the same color as the most massive sink particle. In mass and accretion rate profiles, the resulting new sink particle maintains the color used for the most massive sink particle in the pair.
We clarify that the accretion rates for all halos have been smoothed, in order to emphasize long-term variations and variations between sink particles. The smoothing has been performed by averaging the accretion rates at a given time with its previous and next value (except by the boundaries). The weights were 0.6 for the central one, and 0.2 for each neighbor. The accretion rates shown went through this process for 1000 iteration. This process erased all tiny variations in short time scales, which are associated to gas dynamics around the particles.
From Figure 7 , we can see how sink particles evolve with time, observing a huge increase in the masses of the sink particles. In halo A, the sink particle ends up with 8.7 × 10 4 M near 300 kyrs after its formation. The accretion rate remains above 0.1 M /yr during the run, where slight variations within this order of magnitude were observed. For halo B we find a similar behavior compared to A; there is a huge increase in the mass of the sink particle, ending up with 2.2 × 10 5 M . In this case, the accretion rate also remains above 0.1 M /yr but, unlike A, the accretion rate starts at a higher rate ∼1 M /yr, due to the more massive initial sink mass. Soon it decays slightly, but it maintains a value higher than 0.1 M /yr during the run. This sink particle reaches 10 5 M in 161 kyrs after its formation. In halo C five sink particles are formed. The first one forms in a similar environment compared to A and B; a spherical cloud collapses into a sink particle. However, several instabilities arise leading to the formation of a dense cold arm from which sink particles are created and fall to the center of the system. The first sink particle (red) formed accretes at a rate higher than > 0.1 M /yr at the beginning. This value decreases quickly when more structures are formed, especially in the cold arm. All other sink particles formed also start with an accretion rate > 0.1 M /yr which decreases quickly. Anyways, all accretion rates are kept over 0.01 M /yr during the run.
J 21 = 10
In addition to the run with J 21 = 10000 we also performed simulations with J 21 = 10, expecting fragmentation and the formation of sink particles in order to study their growth.
Dynamics
We performed simulations for each halo using a uniform UV background of J 21 = 10. We followed their evolution for a larger period of time compared to the J 21 = 10000 runs. They were followed by ∼3 Myrs after the first sink particle formed in their respective run.
In Figures 8 and 9 we show the density evolution at various cosmic times in the projection of gas density. This time more than one structure is formed, so the projection was made along the z-axis due to the lack of a preferred plane. Figure 8 represents the projection at a scale of 100 pc, while Figure 9 pictures it at a scale of 5 pc. The times shown in the plots (∆t) are snapshots relative to the first sink particle formation time in the respective simulations (see Table 2 ). In these simulations t growth varies much more widely than in the J 21 = 10000 case, so we chose ∆t times based on our computational resources and to better visualize changes.
In Figure 8 we center the projections in the position of the first sink particle formed due to the lack of a reference as a consequence of the larger amount of structures formed. We observe more structures this time, compared to the J 21 = 10000 runs at 100 pc. For halo A a disk is formed, surrounding the sink particle by the moment it forms. Later, a sort of double-disk forms, from which two central cores are identified. One of these cores contains the first sink particle formed in its center. In the neighborhood of this core, a second sink particle is formed by ∆t = 1.3 Myrs. In the other clump, a third sink particle arises at ∆t = 2.1 Myrs, residing in the clump center. For halo B, we initially observe a central core embedded in a filamentary structure extended along the 100 pc shown in Figure 8 . We can see how the filament fragments, and forms new sink particles as it approaches to the core. For halo C, we also see a filament with a central structure. By ∆t = 1 Myr it has developed four cores, having sink particles. We also see how the three central ones approach each other with time.
In Figure 9 we portray a 5 pc scale zoom-in from Figure 8 , in which every black dot represents a sink particle. This time the structures are so extended that we lose information from the whole halo by zooming-in. Halo A forms at the beginning a single structure within these 5 pc. Later, and as mentioned previously, another sink particle is formed in its surroundings, but we are not able to show how they interact due to the time sampling used to make the figures. The second sink particle is formed at ∆t = 1.3 Myr. By ∆t = 2 Myr, we see both particles close to merging. They look overlapped, but are actually at a distance of 0.045 pc, finally merging at ∆t = 2.2 Myr. At ∆t = 2.8 Myr the third sink particle is formed, which is localized in the center of one of the cores. By ∆t = 3 Myrs, we see the central structure with the resulting sink particle in its center, along with the approach of another dense region visible in Fig Each color represents a single sink particle, the time in the 'x'-axis is the time relative to the first sink particle formed in the respective run. Arrows represent merger in the mass profiles, they are bi-colored and start from the end of the mass profile of the least massive sink in the pair that is merging, and head to the new profile for the resulting sink particle. The color of the tail of the arrow is the same as the one used for the least massive particle in the pair, while the head has the same color as the most massive sink particle. In mass and accretion rate profiles, the resulting new sink particle maintain the color used for the most massive sink particle in the pair. Accretion rate evolution has been smoothed, in order to follow the long-term evolution.
ure 8, which contains another sink particle in it. When the simulation finishes, the two remaining sink particles are at distance of ∼ 4.5 pc.
In Halo B we can see the formation of a sink particle inside of a spherically shape structure at the beginning. Later, this sphere becomes a disk-like structure with the sink particle in its center at ∆t = 1 Myr. After that, a second sink particle is created in the disk surroundings at ∆t = 1.1 Myr. This particle falls down to the center, but instead of merging with the central one, they begin to orbit each other forming a binary system. The binary remains stable, and a density gap between them arises (del Valle & Escala 2014 , 2015 . Later, another sink particle is formed in the 5 pc region, created from a dense region that can be seen at ∆t = 2 Myr approaching to the center. This sink particle falls down to the center, merging with the least massive member of the binary. The resulting sink particle forms a new binary system with the left particle. By ∆t = 3 Myr, we can see the interaction of this new binary. After the formation of the new binary mentioned previously, another sink particle is created in the surroundings at ∆t = 3.07 Myr. This new particle plays a different role; instead of merging with one of the binary members, it forms a triple system. In Figure 10 we show a later stage for this halo (∆t = 3.35 Myr), where we can see the approach of this sink particle to the center. However, the three-body interaction soon leads to the merging of the previous binary, remaining again, in another binary system. In this run 8 sink particles are created, but they are so widely distributed, that not all of them can be seen in Figure 9 .
In Halo C a single filament, from which sink particles are formed, is observed. At ∆t = 0 Myr we observe the first sink particle embedded in a dense isolated region. At ∆t = 1 Myr, we recognize this single particle to be in a disk. By this time, two other sink particles were already formed, but at distances too far to be included in Figure 9 . One of these sink particles is 6.2 pc away from the first sink particle, while the other one is at 7.5 pc. Both particles were formed in the same filament observed in Figure 8 . At ∆t = 2 Myr, the first sink particle in the center is still isolated, but the disk is now seen edge-on. By this time, a fourth sink particle has been formed, but at a further distance of ∼35 pc from the first sink particle. At ∆t = 3 Myr we observe three denser regions with sink particles within them approaching each other. One of them having experienced a gravitational pull that moved this particle away, to then come back to end up in the configuration shown. At ∆t = 3.08 Myr two of them merge. Despite the distant formation of sink particles, the merger of all of them is expected, since they keep approaching the central sink particle during the whole run.
Radial profiles
In addition to the density projections, we show radial profiles for these simulations in Figure 11 . We include density, temperature, H 2 and mass infall rate. The profiles are also plotted for the same ∆t we have used in Figures 8 and 9 . All the plots are centered in the first sink particle formed, and they span from resolution scales ∼ 0.01 pc up to 1 kpc in order to sample the whole halo. The virial radii range from 0.8 up to 1.1 kpc at the end of the runs. They are smaller compared to the J 21 = 10000 runs, since gravitational collapse occurs at a later cosmic age.
All density profiles exhibit a nearly isothermal profile ρ ∝ r −2 (gray dashed line) with some deviations. For all halos, there are some peaks in the profiles that represent overdense regions away from the chosen center, some of which host sink particles. In all cases, we observe a decrease in the central density with time due to gas accretion in the neighborhood of the central sink particle.
In Halo A we visually identified a binary system (see Section 3.2.1), with one of the components being the center of its radial profile. The other component of the binary is observed as a peak in density, which varies in position at different times. The position of the peaks ranges from 4 to 7 pc.
In Halo B the peaks deviating from the isothermal profile represent overdense regions as seen in Figure 8 . At ∆t = 0 Myr, we see a small density peak at ∼30 pc, which has increased by ∆t = 1 Myr. At ∆t = 2 Myr, we can appreciate the same peak with a much higher value: this is caused by the collapse of that region. As a consequence of fragmentation, new dense regions are formed. Three peaks are identified between 10 and 30 pc at ∆t = 3 Myr. All density peaks observed in the density profile can be identified in Figure 8 .
In Halo C, we found similarities to Halo B in terms of the formation of collapsing structures away from the center. These structures are seen in Figure 8 and are also identified by looking at peaks in the density profiles. At ∆t = 0 Myr we observe two slight overdensities at ∼8 pc and at ∼41 pc. These are identified as regions that will collapse to form denser structures and sink particles. At ∆t = 1 Myr we identify three peaks, two are at ∼6.5 pc and ∼44.5 pc, resembling the slight overdensities mentioned above. Also, a new overdensity is observed at ∼14 pc. By ∆t = 2 Myr, density peaks have been displaced to 4.4, 7.0 and 38.2 pc, where sink particles have formed by this epoch.
The temperature varies more widely than in the J 21 = 10000 case. For the three halos, we observe that temperature is higher than 5000 K at distances larger than ∼ 100 pc from center. This phenomenon tells us about the distance at which interactions and fragmentation are enclosed. Inside this region gas cools down to a few hundred K. For the three runs we observe that, as time goes on, the central temperature rises. This is due to the dynamical heating produced by the interactions between the central sink particle and its surroundings.
The H 2 fraction profile shows a similar behavior compared to the temperature profiles for all halos. It shows a decrease in its value starting from a given distance. This leads to an increase in temperature. Usually, H 2 fraction and temperature behaviors are related: high H 2 concentrations cool down the system to low temperatures, and high temperatures imply a lack of enough coolants. We appreciate such a trend even at small radii for halo A. However, we do not observe such a correlation in the central regions of halos B and C. As mentioned in section 3.2.1, halo B turns to form a central disk with sink particles orbiting each other in the center forming a binary system. The dynamical interaction between this binary and the gas results into gas heating, which is compatible with high concentrations of molecular hydrogen and high temperatures. Halo C shows a similar behavior to B in terms of temperature and H 2 fraction. Though halo C does not form a tight structure compared to halo B, their sink particles do interact each other heating up gas.
In addition to density, temperature, and H 2 fraction, we also added mass infall rates to radial profiles, said profiles were calculated in the same way as it was explained in Section 3.1.2.
In halo A, we observe the behaviour described in Section 3.1.2 at ∆t = 0. At ∆t = 1 Myr and ∆t = 2 Myr we observe a decrease in the mass infall rate, especially in the center, where gas has been accreted by the central sink particle. By ∆t = 3 Myr, we observed the infall mass rate to increase with radius, with the exception of a peak between 4 and 5 pc. This peak corresponds to the radius where another sink particle and its accretion region are located.
Halo B shows the behavior explained above at ∆t = 0 Myr, with the exception of a gap around ∼ 10 pc. At later times this value has decreased like in all other cases, however, all interactions between sink particles and the formation of several consecutive binaries (see Section 3.2.1) lowers the gap radius and more gaps appear since gas is being pushed away. . Density projection for all re-simulated halos irradiated by a UV background of J21 = 10 at a scale of 5 pc. Halos A, B and C are shown from left to right respectively. Several epochs are shown, ∆t represents the age of the simulation relative to the age of the first sink particle formed in the respective run. In halo C at ∆t = 3 Myrs, we observe a similar behavior compared to halo A. In this halo the infall mass rates increase with radius showing some enhancement between 1 and 20 pc, which is due to the approach of the other three sink particles.
Sink Particles
In Figure 9 we represent every single sink particle with a black dot. As mentioned previously, not all sink particles lie in the 5 pc shown in the figure. In Figure 12 we show the time evolution for all sink particles created. We show the time evolution of mass and accretion rate: dashed gray lines represent the times that have been used to picture the projection plots (Figures 8 and 9 ) and to calculate the radial profiles (Figure 11) . Each color represents a single sink particle, the time in the xaxis is the time relative to the first sink particle formed in the respective run. Arrows represent merging particles in mass profiles, and accretion profiles have been smoothed for easy reading. Details of both procedures are in Section 3.1.3.
In Figure 12 we can see how sink particles change with time. Their masses increase naturally, reaching values over 10 3 M . The most massive ones reach masses over 10 4 M . We emphasize that these sink particles take more time to reach a significant amount of mass compared to the J 21 = 10000 case, where they take hundreds of kyrs to do it. All sink particles start with accretion rates ∼ 0.1 M /yr, whose value decays at least one order of magnitude in all cases. As fragmentation raises in these runs, regions where sink particles are created do not contain enough gas to reach initial accretion rate values compared to the J 21 = 10000 runs. We also observe a rapid decrease in accretion rates with time, which is mainly due to the fact that the gas has been accreted. For halo A we recall that two main cores are formed with sink particles in their centers, one of these cores merges with another sink particle that is formed in its surroundings. Previous to its corresponding merger, both sink particles form a binary system. When both members of the binary approach, accretion rates for both sink particles are enhanced by a small amount. After the merger, this value decreases. For halo B, we already identified a succession of binaries and sink particle mergers. The participants are represented in Figure 12 in blue, red, purple, and yellow. Every time a merger happens, gravitational interactions push gas to sink particles increasing their accretion rates. Unlike isolated sink particles, we observe accretion rates to experience oscillations in those cases. In Appendix B we show some accretion rates with no application of smoothing technique in the binaries regime for halos A and B.
In halo C, the situation is completely different than in the previous cases, mainly due to the fact that sink particles are spread over 100 pc limits interactions between them. Though the interactions are not comparable to the previous cases, we observe a merger between two sink particles (green and orange lines in Figure 12 ). Unlike other mergers, we do not observe oscillations in its accretion rate, since they skip the binary phase, merging directly. What it is observed is the fact that by the end of the run, some sink particles approach to the first sink particle formed, from which some little enhancements are produced as can be seen in blue, red and purple lines in Figure 12 .
DISCUSSION
In this work, the formation of supermassive black hole seeds has been studied including the role of fragmentation processes. The DCBH scenario seems very efficient forming massive seeds (> 10 5 M ), which become massive black holes when the General Relativistic (GR) instability (Chandrasekhar 1964 ) is triggered. Such black holes may end up in the center of the high redshift quasars observed. However, it demands several strong restrictions in order to fulfill its assumptions. Between these restrictions, strong gas fragmentation is not allowed, since it contradicts the aim of forming a central single massive structure.
We performed 3D cosmological simulations in order to explore how gas behaves under different conditions, those include: dark matter host halo spin, dark matter halo merger history and background UV intensity. Two of three re-simulated halos under the presence of a high Each color represents a single sink particle, the time in the 'x'-axis is the time relative to the first sink particle formed in the respective run. Arrows represent merger in the mass profiles, they are bi-colored and start from the end of the mass profile of the least massive sink in the pair that is merging, and head to the new profile for the resulting sink particle. The color of the tail of the arrow is the same as the one used for the least massive particle in the pair, while the head has the same color as the most massive sink particle. In mass and accretion rate profiles, the resulting new sink particle maintain the color used for the most massive sink particle in the pair. Accretion rate evolution has been smoothed, in order to follow the long-term evolution.
UV intensity (J 21 = 10000), namely A and B, replicate very well the DCBH scenario. They correspond to the halos with the lowest spin parameters, and also to halos formed out of a small number of mergers. These two features, i.e. halo spin parameter and merger history seem to be relevant for the formation of SMBH seed. These halos resemble the results reported in other works (Latif et al. 2013a,b) , in which a central core is formed without any fragmentation. In these simulations, just one sink particle is formed in each simulation during the whole run. The radial profiles for them support the formation of a central massive structure: density profiles follow nearly an isothermal profile, temperatures are kept roughly constant, H 2 fractions do not cool the system down, and mass infall rates are in the range required to ensure a relevant growth.
On the other hand, in the re-simulation for halo C a different behavior is observed. It is recalled that halo C is the dark matter halo with the highest spin parameter from the ones chosen and formed out the interaction of a considerable amount of mergers. This halo starts in a similar fashion to A and B, however, as the simulation goes on, fragmentation processes appear in the central 5 pc, which is seen as a disk-like structure with a spiral arm from which sink particles are formed. Sink particles formed in this case are still massive enough with values close or higher than 10 4 M . One sink merger is observed, and according to the behaviour of the sink particles all could end up merging. In such a case, the final mass would be higher than 9.5×10 4 M . One of the most interesting phenomena of this run, is the high concentration of molecular hydrogen as can be seen in the radial profiles and H 2 fraction projection for this.
In addition, three re-simulations were performed for halos A, B, and C under the presence of a weak UV background (J 21 = 10). The evolution of these structures is much more different than in the other cases since fragmentation is observed, and at larger scales. Halo A is an interesting case, as fragmentation is observed in the central 20 pc, and it remains at that scale during the whole run. In this case two sink particles are formed in two core regions, they evolve independently to get bound at the end of the run, but not merging. Their masses by the time the run finishes are 2×10 4 M and 4×10 3 M . In halo B and C the fragmentation process is seen to be extended in 100 pc, the number of sink particles is the largest for all the simulations performed being 8 and 7 for halos B and C respectively. Also, in both halos the mass of the sink particles is higher than 10 3 M at the end of the runs. An important fact is that sink particles tend to approach to the most massive one with time, a few interactions and mergers are seen. An interesting fact of these simulations is that in all of them, the first sink particles reach similar masses, being close to 10 4 M , while the ones formed at later times keep ∼ 10 3 M as can be seen in the sink evolutionary profiles.
Several works have tried to find the critical UV intensity value (J crit 21 ) at which a DCBH can take place Glover 2015) . Finally, from these results, J crit 21 seems to be a parameter very tight to the dynamics in a particular system rather than anything else. It seems that it is not possible to parameterize the phenomenon with the J 21 parameter only, since the dynamics of the system plays a key role in the formation of SMBH seeds.
One of the caveats of the simulations performed is that they do not include radiative feedback in their implementation. It is known that stars radiate photons, supporting gas from being accreted into a black hole seed. Hosokawa et al. (2012 Hosokawa et al. ( , 2013 ) studied the evolution of rapid accreting supermassive stars (SMS). They found that accreting SMS at rates higher than > 0.1M /yr evolve as supergiant stars, in which relativistic instability is triggered when they reach masses ∼ 10 5 M , also they found that ionizing radiation is unlikely to operate. These findings are compatible with the analytical results found by Schleicher et al. (2013) . More recently, Haemmerlé et al. (2018) studied accreting protostellar evolutionary models in a similar way to the previous works mentioned obtaining similar results. In their work, most massive stars evolve as red and cold supergiant stars, while the less massive ones evolve towards the ZAMS as blue and hot stars. They reduced the critical accretion rate at which ionizing radiation becomes negligible down to 0.005 M /yr. In addition, Chon et al. (2018) performed radiative hydrodynamical cosmological simulations to study the effect of radiation in the growing of the SMS, finding no major role of radiative feedback.
The requirements to keep radiation unimportant according to the conditions mentioned in the works above are met in all the simulations performed at high UV intensity. Though halo C fragments, all sink particles formed in this simulation meet the minimum accretion rate requirement and the masses to trigger the GR instability.
From an observational point of view, Pacucci et al. (2016) devised a method to identify supermassive black hole seed candidates, based on the spectra of radiative hydrodynamic simulations in the DCBH scenario. They claimed findings of two possible candidates, using infrared and X-ray photometry. The James Webb Space Telescope 1 is alleged to be a key instrument to obtain spectra from these objects unveiling clues in the understanding of the mechanism to form SMBHs. The recent detection of gravitational waves from the merging of a BH binary by LIGO (Abbott et al. 2016) has opened a new area of study. If the sink particles formed are considered relativistic objects, their interaction would emit detectable gravitational waves. Gravitational Waves (GW) were speculated by Rees (1978) in this context. Pacucci et al. (2015a) showed that the gravitational signal in the context of an asymmetric collapse (Shapiro 2003) lies above the foreseen sensitivity of the Ultimate-DECIGO observatory in the frequency range (0.8300) mHz.
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APPENDIX

A. EXTENDED UV INTENSITY CASES
In addition to the runs shown in Section 3, simulations with UV intensities of J 21 = 100 and J 21 = 5 were performed. There are no significant differences compared to the cases studied previously, they are mainly presented for completeness.
In Figure 13 we can see density projections for halos A, B and C at scales of 3 kpc for the top panels, and at scale of 100 pc for the bottom ones in the re-simulations performed under the presence of a intermediate UV background (J 21 = 100). In all cases just one sink particle is formed, and they were ran for ∼ 1 Myr. In these runs, the sink particle masses range between the ones obtained in the J 21 = 10000 and J 21 = 10 cases. In addition, gas distribution remains mainly central. Though all halos show some asymmetries, fragmentation and the formation of more than one sink particle is not observed in the time period the simulation was run. The formation of the only sink particle happened at a redshift of 12.06, 10.80, 11.77 for halos A, B, and C, respectively. These values are inbetween the redshift where the collapse was triggered for J 21 = 10000 and J 21 = 10. These intermediate results in mass and redshift show that the formation and evolution of sink particles is related with gas thermal evolution, therefore, UV radiation has an impact on it.
The most relevant difference is that halo C does not fragment nor produce more than one sink particle during the whole run, which seems inconsistent with the fragmentation observed under the presence of a stronger UV flux (Section 3.1). However, said inconsistency makes sense when we look at the redshifts at which the sink particles form and the merger trees (Figure 1 ). At z = 10.80 the halo has suffered of a merger episode with another halo with a similar amount of mass, while at z = 11.77 the halo was close to that merger episode, but it has not happened yet. This phenomenon reveals again the importance of dynamics and the environment in which interactions are happening.
In addition to the re-simulations under the presence of a UV flux with a J 21 = 100, We also performed one resimulation for halo B under the influence of a J 21 = 5 UV background. We picked halo B, since various interactions between the sink particles formed are observed in its J 21 = 10 run. This run includes deuteride species and their associated reactions, which are shown in Appendix C.
In Figure 14 we can see different density projections of halo B in the setup mentioned above, the structure in this run is too similar to the re-simulation of halo B, the filamentary structure is distributed similarly, nine sink particles are created, and two merger episodes are observed. All surviving sink particles end up with masses between 10 3 and 10 4 M .
B. ACCRETION RATES
In Section 3.2.3 we revised accretion rates for halos A and B. In Figure 12 we applied a smoothing technique to better visualize the differences between sink particles and to focus in the long-term variations. By doing this, we lose relevant information about the oscillations in accretion rates due to gravitational interactions between sink particles. Figure 13 . Density projection for re-simulated halos A, B, and C irradiated by a UV background of J21 = 100. The projections are made at the time the first sink particle is formed in the respective simulation. Halos A, B and C are shown from left to right respectively. At the top, projections correspond to 3 kpc, where white squares correspond to 100 pc regions, which are shown at the bottom.
For instance, Goicovic et al. (2016) showed that for black hole binaries accretion rates oscillate with the rotation timescale of the system.
In Figure 15 we show accretion rates evolution with time for halo A in the left panel and for halo B in the right one, in both cases the times in the x-axis are relative to the first sink particle formed in each respective run. For halo A, this evolution ranges between ∆t = 1.7 and 2.1 Myr, while for B it does between ∆t = 1.8 and 3.0 Myr. No smoothing technique has been applied, so we appreciate raw values. For halo A, we observe an oscillatory behavior which is not periodic, since they become more frequent with time due to the particles approaching. We also observe extreme variations, since the values oscillate between values < 10 −5 M /yr and > 10 −2 M /yr, specially for the least massive member of the binary (blue). For halo B, we also observe an oscillatory behavior. Unlike halo A, we see three 'phases', one from ∆t ≤ 1.8 to 2.2 Myr, another from ∆t = 2.2 to 2.4 Myr and a third one from ∆t = 2.4 to > 3.0 Myr. The first phase is related to the binary interaction between both members in the group. The behavior is similar to halo A, since there are only two particles interacting. The second 'phase' is related to the approach of a dense region that forms a sink particle (purple line in Figure 12 ), which slightly enhances the accretion rates. It is interesting to note that this change in accretion rate begins before a sink particle is created, which merges with one of the binary members. Finally, we find a third regime, which starts after the merger between the sink particles portrayed, with purple and blue in Figure 12 . This regime is quite similar to the first one, since there are two sink particles interacting. However, as the mass of one of the members has increased substantially, oscillations of the accretion rate become more frequent and amplitudes are larger, having certain moments when accretion rates are below 10 −5 M /yr for both members. There is a fourth regime, that happens when both members of the binary finally merge due to gravitational kicks produced by another sink particle (yellow color in Figure 12 ). This fourth regime is not shown in Figure 15 . Figure 15 . Accretion rate time evolution with no smoothing technique in the left panel for halo A, while in the right panel for halo B. Every color represents a sink particle, they are the same used in Figure 12 for halo A, and in Figure 12 for halo B. In both cases the accretion rates correspond to the runs with J21 = 10. C. CHEMICAL REACTIONS All the chemical reactions used and their respective rate coefficients are listed in Table 3 . References are shown too. In rate coefficients T is gas temperature in K, T e is gas temperature in eV, T rad is radiation temperature in K, J 21 is the UV intensity in units of J 21 (10 −21 erg s −1 Hz −1 cm −2 str −1 ), and n H is number density for neutral hydrogen in n/cm 3 . Chemical reactions (1)-(28) are found in the react xrays network included in the KROME package. This network includes the most predominant reactions in a primordial environment, also existing literature about the rates to create/destroy them. We also include reactions (29) and (30) from the minimal model derived by Glover (2015) .
Deuterium and molecules containing this element are expected to be outcomes of the nucleo-synthesis, however, their abundances are so low that the cooling from these species is irrelevant compared to molecular hydrogen cooling. They are potentially important in environments with sufficient electron fraction to catalyze the HD formation (Shchekinov & Vasiliev 2006) . The simulations performed in the main body of this paper do not include these chemical species, due to the aformentioned reasons and to save computational memory. One simulation was performed including a deuterium chemistry to test its relevance (Appendix A), and as a check to the dissociation assumption. The following species were added: D, D, HD, D+, HD+. The chemical reactions and their coefficient rates and references are shown in Table 4 . Abel et al. (1997 ), 5: Verner & Ferland (1996 ), 6: de Jong (1972 7: Kreckel et al. (2010 ), 8: Coppola et al. (2011 ), 9: Karpas et al. (1979 Reaction Rate coefficient Ref. Mitchell & Deveau (1983) , fit of data by Corrigan (1965 ), 13: Martin et al. (1996 14: Abel et al. (1997) (2002), from Shavitt (1959) 31: Stancil et al. (1998 ), 32: Galli & Palla (1998 
